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The treatment of the living cell as a biophysical system is a very fertile paradigm in understanding cell biology. In particular, many diseases have been found to be related with alterations of the mechanical properties of cells. [1] [2] [3] [4] [5] Cancer is a paradigmatic case in this respect: tumor cells with different degree of malignancy exhibit different stiffness, different states of cytoskeletal tension and many other mechanical alterations. In consequence, the comparative analysis of cell mechanics in normal vs. diseased cells represents a meaningful approach towards both understanding the physical nature of cancer and exploring novel diagnosis methods. [6] [7] [8] [9] A wide variety of experimental techniques have been developed in order to assess cell mechanics at different length and time scales. [10] [11] [12] [13] Among these, atomic force microscopy (AFM) outstands for two particular capabilities: high resolution imaging and quantitative characterization of cell mechanics. 14, 15 Cell stiffness, the resistance of the cell to an externally induced deformation, is measured in AFM experiments by monitoring the force exerted on a probe cantilever as its distance to the cell is reduced and a tip placed at its end produces an indentation. A larger resistance to deformation results in a larger force, measured as a larger deflection of the cantilever. One of the earliest applications of AFM for quantitative cell mechanics was indeed a comparative study of cancer cells with different degree of malignancy. 16 It was clear since these early experiments that differences between normal and cancerous cells were evident in force-distance (FD) curves: the slope of the curves acquired on cancerous cells, and hence their resistance to deformation, was systematically smaller than that corresponding to normal cells. Experimental FD curves acquired during cell indentations can be very accurately fitted to equations derived from theoretical models that describe their elastic response in terms of an apparent Young's modulus, E. For several years, progressive advances have been made to improve the accuracy and consistency of measurements and modeling of apparent Young's modulus on living cells. 17 These include considering the effect of tip geometry, 18 indentation depth, 19 loading rate, 20 prolonged poking, 17 substrate stiffness 21 and others. 22 In parallel, many works have been devoted to characterize the differences in apparent Young's modulus between normal and cancerous cells of different types, including actual samples from cancer patients. 17, [23] [24] [25] [26] [27] [28] [29] These works have revealed a consistently lower stiffness of cancer cells as compared to healthy cells regardless of the cancer type, which has motivated an on-going research about the suitability of cancer biomarkers based on mechanical cell properties. 30, 31 However, the underlying causes for this reduced stiffness of cancer cells versus their normal counterparts, as well as its cause-effect relationship with other conformational changes observed during cancer growth and metastasis, remain not fully elucidated. Human breast epithelial cells 5 represent an exemplary case regarding this issue. Is has been proposed that the lower stiffness of breast cancer cells is related to a reduction in the presence of well-organized filamentous actin (F-actin) stress fibers, a key constituent of the cytoskeleton system which greatly determines mechanical cell elasticity. 32 The cytoskeleton is a dynamic structure that continuously reorganizes its architecture into specific functional arrangements. Actin is organized in two main structures, bundles or networks, which play different roles within cells. Stress fibers are long contractile actin bundles found in non-muscle cells cross-linked into closely packed parallel arrays. On the other hand, the cell cortex under the membrane is mainly composed of networks of loosely cross-linked F-actin, with similar physical properties to those of semisolid gels. The reduction of the presence of actin stress fibers observed in breast cancer cells is expected to result in a weaker cytoskeletal structure, thus providing malignant transformed adherent cells with a high potency to migrate similar to that of motile cells. 20 However, a direct correlation between the differences in F-actin organization in living healthy and tumor cells and their differences in stiffness has not been observed yet.
Correlating cell stiffness with cytoskeletal conformations in living cells requires the ability to obtain high resolution apparent Young's modulus images of cell regions where specific cytoskeletal structures can be identified. In fact, high resolution imaging of cytoskeletal constituents with stiffness contrast of living cells can be expected to provide very meaningful comparisons between different regions of the cells, thus helping to understand the origin of the differences in stiffness among normal and cancer cells, and opening new ways to correlate differences in mechanical properties with other dissimilarities. But this kind of experiments have remained elusive for cell characterization methods so far. Apparent
Young's modulus maps of cells can be obtained by so-called FD curve-based AFM imaging methods. 33, 34 These methods are based on the acquisition of an array of FD curves over a cell.
Each of these curves contains information about the local cell stiffness at each image pixel.
Until only a few years ago, the most extended FD imaging method, usually referred to as force-volume mode, 24, 25 consisted on the acquisition of a small array of low loading rate FD Figure 1 , this mode uses the maximum repulsive force registered during each actuation cycle as the feedback parameter, so that it can be referred to as peak-force modulation (PFM) mode. 40 In PFM-AFM, the probe is 
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Measurement of Apparent Young's Modulus
where F is the force, E is the apparent Young's modulus,  is the Poisson's ratio (we assume =0.5 for all cases),  is the tip half angle and  is the indentation. The fact that this equation
provides good fitting to the experimental curves is itself a remarkable result, because the actuation frequency used in PFM-AFM is more than 100 times larger than the loading rate used in typical FD curve-based indentation experiments. Is such conditions, a large contribution of viscoelastic tip-cell interaction can be expected, and this might influence the functional behavior of force vs. indentation. 50 Regardless of the cell line, we find that the high actuation frequency used does not perturb the Sneddon-like quadratic behavior of the curves, which motivates to continue using the apparent Young's modulus as given by the Sneddon equation as a measure of the resistance to deformation of the cells in PFM-AFM experiments.
A key issue for generating consistent images of apparent Young's modulus is considering the effect of indentation depth. We have addressed this point by checking the resulting values for E at different indentation depths. A valid range is established by determining the values for which E is independent of the indentation depth. This procedure has been successfully applied in previously reported works for the same MCF-10A and MCF-7 cell lines considered here. 51 An example for a MCF-10A cell is shown in Figure 3 , where average values for E are represented versus the average relative cell deformation produced. The relative cell deformation is defined as the percentage of indentation depth relative to the cell height as given by the topography data. Figure 3 shows that similar results are obtained for lower peripheral membrane regions and for higher apical areas of the cells. For small indentations (resulting in relative deformations below 5-7%), an irregular tip-sample contact with a not well-defined geometry can be expected. As a result, the obtained values for E are not constant and show a region of monotonic increase. As the indentation increases, the plots show a plateau where E is approximately constant for indentations in the range from 7% to 12%. For even larger indentations, a noticeable increase of E in observed in both areas for the three cell lines. Several effects might contribute to this increase, 22 but a dominant effect of substrate induced stiffening is always expected. 21 The plateau region where E is independent of indentation sets a valid range for obtaining meaningful images and for a consistent comparison of stiffness among the cell lines. In general, we find that a relative deformation of around 10% ensures a consistent estimation of E regardless of the cell line. In our experiments, this value corresponds to an indentation force of 0.3-0.5 nN. Since the peakforce setpoint is set at 0.7-1 nN, the determination of E for such reduced values of the force is made by setting an upper force fitting boundary of around 50% of the setpoint in the forceindentation curves. The lower limit is set at 10% to prevent the effect of sporadic irregular behaviors at the contact point.
Comparative Analysis of PFM Mode AFM Images from Different Cell-Lines
The fig. 4(a) , the presence of long, compact and well-aligned fibers is observed.
In other areas, for instance at the central higher region of the same cell, shorter, more dispersed and disorganized network structures are found. In general, we do not observe any correlation between the presence of each type of structure and the height of the cell. Both types of arrangements, fibers and networks, were observed in higher perinuclear and lower membrane regions of the cells. 
Correlation of PFM-AFM Images with Immunofluorescence Assays
The images obtained by PFM-AFM point out to differences in the arrangement of filamentous actin between healthy and tumor cells as responsible for the measured differences in apparent Young's modulus. 20 We have confirmed this hypothesis by networks. 53, 54 It is known that actin filaments are much less rigid than MTs. 55, 56 However, the mechanical properties of cytoskeletal structures within living cells strongly rely on other important factors such as motor proteins, crosslinking or hydrostatic pressure. 57 These elements promote the assembly of highly organized and stiff F-actin structures. Our results demonstrate that PFM-AFM is capable of evaluating the contribution of these organized structures to cell stiffness within whole living cells in fully native conditions, where the effect of all these factors is naturally into play.
Comparing PFM-AFM with low loading rate indentation experiments
One remarkable observation from the presented result is the difference in the values and MCF-7 cells produced by an increasing loading rate in the range from 0.03 to 1 Hz had already be reported. 20 The apparent Young's modulus of MCF-10A and MCF-7 cells was found to increase by a factor of around 2.1 from 0.03 Hz to 1 Hz for both lines. In AFMbased microrheology experiments made on the same three cell lines considered in this work, it was found that both the storage and loss modulus (respectively a measure of the elastic and viscous response of the cell to small harmonic deformations) increased more than one order of magnitude for deformations made from 1 to 100 Hz. 58 In our case, we estimate an increase by a factor of around 350 for the healthy cells and by a factor of 60 for the tumorigenic cells when comparing the indentations at 1 Hz with the PFM mode experiments at 250 Hz.
Another consequence of probing cell stiffness at higher frequency is that it increases the ratio of the apparent Young's modulus between normal and tumorigenic cells. According to our results, the ratio of the average stiffness between MCF-10A and MCF-7 increases from 1.4 at 1 Hz to 8.9 at 250 Hz. In consequence, if AFM measured cell stiffness was used as a cancer biomarker, it should be considered that the difference between healthy and tumor cells is amplified at increasing loading rates. However, the opposite happens when considering the differences in stiffness between non-invasive MCF-7 cells and invasive MDA-MB-231 cells:
according to our results, while the ratio between their apparent Young's modulus at 1 Hz is 1.6, its value drops to 1.2 at 250 Hz.
CONCLUSION
The conclusions of this work can be summarized in three points. medium (DMEM/F12, Gibco) supplemented with 5% horse serum, 20 ng/ml epidermal growth factor, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, and 500 UI/ml penicillin and 0.1 mg/ml streptomycin. Cells were maintained at 37ºC in 5% CO 2 in a humidified incubator.
Atomic Force Microscopy. All data were acquired in liquid environment using a Bioscope Catalyst AFM (Bruker, Santa Barbara, CA) mounted on a Leica SPE inverted microscope (Leica, Wetzlar, Germany). One day prior to the experiments, cells were seeded at a density of 2 × 10 5 cells ml -1 onto 35 mm cell culture plates (Corning Inc, Corning, NY, US). To ensure that the cells were in physiological conditions and adherent during the imaging, all the measurements were performed using a home-made heater that maintained the cell cultures at 37ºC. In order to obtain quantitative data, cantilever spring constants were experimentally determined by the thermal tuning method. PFM-AFM was performed by using the Peak-Force Tapping TM feature of the microscope and silicon nitride cantilevers (MLCT-E, Bruker TM ) with a nominal spring constant of 0.1 N/m and a pyramidal tip with a nominal half angle of 18º and tip radius of 20 nm in order to provide high lateral resolution.
We used a setpoint peak-force in the range of 0.7-1 nN. The z-piezo position was oscillated at 0.25 kHz, and the amplitude of the oscillation was set at 2 um. The commercial software includes a function that removes in real time the hysteresis effect caused in FD curves by hydrodynamic damping of the liquid media. Before image acquisition, the probe lifts up to a height far from the sample, and from there it performs an approach-retract cycle down to a user-defined limit height before tip-sample contact. From this cycle, the effect on the FD curves caused by the liquid media is quantitatively estimated. Then, while scanning for image acquisition, this effect is subtracted in real time from every measured FD curve. We find that the use of relatively stiff cantilevers (0.1-0.5 N/m) helps the proper operation of this function.
In some cases, a small amount of residual hysteresis remains. However, we find a negligible 
